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A themial actuator is taught for a mlcro-electromechanical device. The themrial actuator includes a base element, a cantilevered 
element (14) extending from the base element and normally residing in a first position. The cantilevered element includes a first 
layer (34) constructed of a dielectric material having a low thermal coefficient of expansion and a second layer (36) attached to 
the first layer, the second layer comprising Intenmetaliic titanium aluminlde. A pair of electrodes (30.32) are connected to the 
second layer to allow an electrical current to be passed ttirough the second layer to tiiereby cause the temperature of the second 
layer to rise, the cantilevered element deflecting to a second position as a result of tiie temperature rise of ttie second layer and 
returning to ttie first position when ttie electrical cunrent ttirough ttie second layer is ceased and the temperature ttiereof 
decreases. The thermal actuator has particular application in an Inkjet device wherein a series of such inkjet devices ionn an 
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(54) TheriiUil actuator 

(57) A themnal actuator is taught for a micro-electro- 
mechanical device. The themnal. actuator includes a 
base element, a cantilevered element (14) extending 
from the base element and nomially residing in a first 
position. The cantiievered element includes a first layer 
(34) constructed of a dielectric material having a low 
thenmal coefficient of expansion antl a second layer (36) 
attached to the first layer, the second layer comprising 
intermetaliic titanium aluminide. . A pair of electrodes. 



(30,32) are connected to the second layer to allow an 
electrical current to be passed through the second layer 
to thereby cause the temperature of the second layer to 
rise, thecantileyered eleitieritdeflecting to a second po- 
sition as a result; of the teniperature rise of the second 
layer and returning to the first position when the electri- 
cal current through the second layer is ceased and the 
temperature thereof decreases. The themnal actuator 
has partic?ular applicalion in an inkjet deyice wherein a 
series of sueh^ an InJ^et printhead; 
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Description 

[0001] The present invention relates generally to miero-electromechanical devices and, n^ore particularly, to mlcro- 
electromechanical tiiermal actuators such as thertype used in Ink jet print heads. 

[0002] Micro-electro mechanical systems (MEMS) are a relatively recent development. Such MEMS are being used 
as altematives to conventional electromechanical devices such as actuators, valves, and positioners. Micro-eiectro 
mechanical devices are potentially low cost, due to the use of microelectronic fabrication techniques. Novel applications 
are also being discovered due to the smaii size scale of MEMS.devlces. 

[0003] Many potential applications of MEMS technology utilize themial actuation to provide the motion needed In 
such devices. For example many actuators, valves, and positioners use themnal actuators for movement. In the design 
of themrial actuators It Is desirable to maximize the degree of movement whiie also maximizing the degree of force 
supplied by the actuator upon activation. At the same time It is also desirable to minimize the power consumed by the 

actuator motion. 

[0004] It is also advantageous that the cantilever type thennal actuator exhibits no change in intrir^sie stress and 
repeatable actuator motion upon repeated tli^nna! actuation of the actuator Isetween 20*^0 and 3pd«*C temperatures. 
It is also desirable that the resulting MEMS devices are capsule of being produced in balbh fashion using mat^^^ 
that are compatible with standard CMOS ihtegrated circuit fabrication. This allows advantageous MEMS^ d that 
are reliable, repeatable, and low in cost. Compatibility with CMOS processing also allows the integration of control 
circuitry with the actuator on the same device, f urther improving cost and rel 

[0005] It is therefore an object of the present invention to provide a thennal actuator for a micromechanical device 
having an actuator beam with an improvecl degree of movement 

[0006] It is a further object of the present invention to provide a thenmar actuator for a micromeolianicaldeviee having 
an actuator beam that delivers an increased degree of foroB upon activation. 

[0007] Yet another ot)Ject of the present invention js to provide a cantilevered beam type thennal actuator that exhibits 
substantially no relaxation upon repeated thennal actuation of tiie actuator between 20°C and SOC^C temperatures. 
[0008] Briefly stated, the foregoing and numerous other features, objects and advantages of the present invention 
will become readily apparent upon a review of the detailed description, claims and drawings set forth herein. These 
features, objects and advantages are accomplished by fabricating a thennal actuator for a micro-electromeehanicai 
device comprising a base element and a cantilevered element extending from the base element, the cantllevered 
element normally residing in a first non-actuated position. The cantilevered element includes a first layer cor^stnicted 
of a dielectric material having a low thermaf coefficient of expansion and a second layer of Iritemietaliic titanium alu- 
minide (TVAI) attached to the first layer. A pair of electrodes are donnected to the second layer to allow an electrical 
currentito be passed through the secorid ijayer to ttieJreby Pfiuse the ternperature of the The heat 

generat^d as a result df fte r^^ 

to an actuated second position. The rantilefvered element returns to the first position When the electrical current through 
the second layer is ceased and the temperature of the second iayer decreases. The; iritemietailic titaniurri alurnihide 
thin film comprising the second layer has a high coefficient of thennal expansion and is electricaily conducaiyW; Fiirther, 
the Ihtennetallic titanium aiuminlde thin fjlm has suitable resistivi^ for use as a heater. With selected dep6sitjjOn con- 
ditions and post deposition annealing, a filrn virfth property adjusted stress a^ 

[0009] The present invention Is particularly usetv) as a theiThat actuator Irii^et printer device. In this pr^ef erred em- 
bodiment, tiie cantilevered element of the thennal actuator resides In an ink reservoir or chamber that Includes a port 
or nozzlethrough which inkcan be ejected. Through actuation of the thennal actuator, the cantilevisred element deflects 
into the chamber forcing ink through the nozzle. 

[0010] ' As stated above, the cantilevered element Includes a first layer constructed of a dielectric material having a 
low themnal coefficient of expansion. The tenn "low thennal coefficient of expansion" as used herein is. intended to 
mean a thennal coefficient of expansion th^t is less tha^ 

[0011] Figure 1 is a plan View of a pbrtipri o^^^^^^^ plurality of the tiiermal 

actuator Inkjet devk»s of the present Inventibn^f^^^ 

[0012] Figure 2 is a side elevatiohai view of a pprtlbn of the cantilevered beanri of tiie thennal actuator Inkjet devtee 
of the present Invention; 

[0013] Figure s is a perspective view early In the fabrication of the thennal actuator Inkjet device wherein a thin layer 
typically consisting of silicon dioxide Is first deposited on the substrate and the Intermetallic titanium alumlnide film Is 
next deposited and patterned Into the bottom layer. 

[0014] Figure 4 Is a perspective view of tiie thennal actuator Inkjet device at a stage in the fabrication thereof later 
than that depicted in Figure 3 wherein a dielectric layer has been patterned to fonn the top layer and the resulting 
pattern is then etched down through the thin layer of Figure 3 down to the substrate. 

[0015] Figure 5 is a perspective view of the thennal actuator Inkjet devtee at a stage In the fabrication thereof later 
tlian that depicted In Figure 4 wherein a sacrificial layer has been deposited, patterned and fully cured on the structure 
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depicted in Figure 4. , . . ^ . , , * 

[0016] Figure 6 is a perspective view of the themnal actuator Inkjet devtee at a stage In the fabncation thereof later 
than that depicted in Figure 5 wherein a top wall layer is next deposited on top of dielectric layer and the sacriffcial 
layer depicted in Figure 5. . 
[0017] Figure 7 is a sectioned perapective view of the thennal acUjator inkjet device of the present invention. 
[0018] Figure 8 is a graph plotting film stress as a function of substrate bias (before and after annealing at 300*C) 

tor titanium alumlnide film. ^ , ^ , * * ,., 

[0019] Figure 9 is a graph plotting stress as a function of temperature for a deposited and annealed intemnetalllc 
titanium aluminide film measured on a six inch silicon wafer. 

[0020] Figure 1 0 is a graph plotting stress as a function of temperature for a sputtered aluminum film measured on 

a six inch silicon wafer. , * • 

[0021] Figure 11 is a graph plotting stress as a function of temperature showing a comparison of stress versus 
temperature curves for Intemietallic titanium aluminide with 7% oxygen Incorporated, and for intenmetalllc titanium 
aluminide with no oxygen Incotpbrated, deposited on a silicon wafer. ... ^.u a 

[0022] Turning first to Figure 1 . there is shown a plan view of a portion of a thennal actuator inkjet printhead 10. An 
array of thennal actuator Inkjet devfees 12 is manufactured monollthicaliy on a substrate 13. Each thermal actuator 
Inkjet device 1 2 consists of a cantllevered element or beam 14 residing in an Ink chamber 16. There is a nozzle or port 
18 through which ink may be ejected from chamber 1 6. Nozzle or port 1 8 resides In pumping section 20 of chamber 
16 The cantilevered element or beam 14 extends across chamber 16 such that the free end 22 thereof resides in 
puinplno section 20. Cantilevered element or beam 14 tits closely within the walls of pumping section 20 without en- 
qaqing such wails. By placing the cantilevered element or beam 1 4 in close proximity to nozzle 1 8 and tightiy confining 
L c^tllevered beam 14 in pumping section 20, the efficiency of the ink drop ejection is improved Open regions 26 
of chamber 1 6 adjacent cantilevered beam 1 4 altowfpr quick refill after drop ejection tiirough nozztej 8. »nk fe suppHed 
to themial actuator inkjet device 12 by an ink feed channel 28 (see Figure 7) etched through the substrate 13 beneath 
the ink chamber 16. There are two addressing electrodes 30. 32 extending f ram: cantilevered ^^v^^ . . . ^ 
[00231 Turning, next to Figure 2. cantilevered beam 1 4 is shown in cross^sectloh; Cantilevered beam 1 4 includes a 
first or top layer 34 made of a mat^riai having a low coefficient of themial expansion such as silicon dioxtde sihcon 
nitride or a^cLbination dthetwp. eantile^^^^ 

Sductive and has a higli effteiency as will b^ described hereinafter; PreferaW. second layer 36 is comprised' of 

sr^SuiK3s 

3 the two addressing electrodes 30. 32 are connected to second layer 36. When a voltage is applied across^e^^^ 
eiectrodes 30. 32 current runs through the intemietallte titanium aluminide layer 36 heating it up f "J^^f^"^^^ 
tHeveredbear^ 14to bendor deflect into pumping secti^ 

S ^ To optimize the ejection of a drop of ink in a themial actuator inkjet device 1 2. It is important ^ optim^^^^^ 

forceanddeflectionofthecantlleveredbeam14. The following relati 

the efficiency e of the material of the second layer 36 of the cantilevered beam 14: 
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Where a is the themnal coefftelent of expansion. V is tiie Young's modulus, p is the density, and Cp '^^^^^/P^^^.^^ 
of ttie material. The numerator contains rriaterial properties proportional to the force ^nd displacement of a the^^^ 
luLTTTedenomln 

lablel showseforvariousmaterialsthathavebeenusedforthemiar^ 
llth the intemietallic titanium aluminide thin film material of the present inventiori. M^^^ wShf 
the literature except for the intemietallic titanium aluminide thin film of the present invention for which the matenal 
values were derived from experiment. 



Tablet: 



Efficiency of materials for thermal actuator 




Material 


a{x10-6)C-'« 


Y{x109)Pa 


p(x103)Kg/m3 


Cp(J/Kg C) 


e 


Al 


23.1 


69 


2.7 


900 


,66 
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Table 1 : (continued) 



Efficiency of materiais for thermal actuator : 


Material 


a(x10-«)C-i 


Y(x109)Pa 


p(x103)Kg/m3 


Cp(J/Kg C) 


e 


Au 


14.3 


80 


19.3 


1260 


.047 


Cu 


16.5 


128 


8.92 


380 


.62 


Ni 


13.4 


200 


8,91 


460 


.65 


Si 


2.6 


ISO 


2.33 


712 


.28 


TiAl3 


15,5 


1 88 


3.32 


780 


1.13 



so 



[0027] The titanium alum in ide film is 70% more efficient than thenext best film of the prior art. The Young's modulus 
,3 of the intermetaUic titanium aluminide film wais obtained from a fit to the resonant frequency of Ti/AI-silicon dxide can- 
tilevers. The coefficient of themial expansion of the intermetellic titanium aluminide film was obtained by heating the 
Intermetallic tl^nium aiumlnlde-sillcon oxid ' 
[0028] The niaterial used for the second or bottom layer 36 in the practice of the present inventibn has an efficiency : 
(e) that is greate^r than 1. Preferably, such rriaterial has an efficieriGy (e) that is greater than 1.1. . 
^ [0029] For the case of a thermal actuator device 12 with a cantilevered beam 14, a two-layer^ructure is formed as 
discussed above with a first layer 34 and a second layer 36. The secorid layer 36 is preferably Intermetal!^^ 
atumlnlde and the material of the first layer 34 has a substaritlally lower coefficient of thermal expansion. TYPically, the 
materiet of the f irst layer 34 is chosen frorh silicQn dioxide or silicbn nitride. It shpijld be clear to those skilled in tiie art 
that the displacement and forcef or a cantilevered beam 1 4 can also be optimized fay varying the thfckriess and thrlckness 
2^ ratios of the two materials chosen for layers 34, 36. In particular, it is known that In equilibrium, for maximum, .deflection 
and force, the following relation detenriines the ratio of the 

jj^=Jy;,AAAAAAAAAA (2) 
30 i Y 2 

Where h^, ^2 ^® ^le thickness of the two layers 34, 36 and Y^, Yg are the Young's modulus of the materials of this two 
layers 34, 36. 

[0030] As shown in Figure 3, a thin layer 4G typically consisting of silicon dioxide Is first deposited on the substrate 
^ 1 3 to act as a bottom protective layer for the thermal actuator InkJet device 12 from the ink and electrically insulate the 
thermal actuator Inkjet device 1 2 from the substrate 13. The intermetaUic titanium aluminide film is next deposited and 
patterned into the bottom layer 36 and addressing electrodes 30, 32 that extend off to connect to the control circuitry 
on the device. 

[0031] Silicon oxide or a combination of silicon oxide and silicon nitride are deposited on thin layer 40 and bottom 
^ layer 36 to fomi dielectric layer 41 (see Rgure 4). Dielectric layer 41 is patterned to fonn the top layer 34 as shown In 
Figure 4. The resulting pattern is then etched down tfirough the thin layer 40 down to the substrate 13. The patterning 
of this layer 34 is extended beyond the pattern of the bottom layer 36 in order to leave a protective layer of oxide/nitride 
on the sides of the bottom layer 36. This patterning and etching also defines the open regions 26 on each side of the 
cantilevered beam 14 for ink refill, and defines a first layer of the pumping section 20 around the free end 22 of the 
^ cantilevered:;fajMm 14 foretficieht drop eject^^^ 

[0032]: IhiFigure 5, a pblylmide sacrificial iityer^^^ deposited, piattefme^ and fully cured; The polylrriidei: sfCrificiai 
layer 42 is defined to extend beyond the cantilevered beam 14 and fills the open regions 2(5 and pumpihg eectipri 20. 
The cured definition of the: polyimide sacrificial layer 42 provides the ink chamber 16 definition The poly Imide also 
planarizes the surface.providing a flat top surface 43. The sloped sidewalls 45 of the polyimide aid in the fomiation of 
the Ink chamber walls. 

[0033] A top wall layer 46 is next deposited on top of dielectric layer 41 as shown In Figure 6. typically this top wall 
layer 46 is composed of plasma deposited oxide and nitride which confomnally deposits over the polyimide sacrtfblal 
layer 42. The sloped sidewalls 45 of the polyimide sacrificial layer 42 are Important to prevent cracking of chamber 
wall layer 44 (which is part of top wall layer 46) at the top edge. The nozzle hole 1 8 is etched through the chamber 
wall layer 44. 

[0034] The substrate 13 Is then pattemed on the backside, aligned to the front side, and etched through to form the 
Ink feed line 28. The polyimide sacrificial layer 42 filling the ink chamber 16 is then removed by dry etch using oxygen 
and fluorine sources. This step also releases and thereby fomris the cantilevered beam 14. Note that chip dicing can 
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be done before this step to prevent debris from getting into the ink chamber 16. 

[0035] A cross section of the final structure is shown in. Figure 7. The cross section of the cantilevered beam 14 
shows the lower protective layer 40, the intermetallic titanium aluminide bottom actuator layer 36, and the top actuator 
layer 34. The cantilevered beam 1 4 resides in the mk chamber 1 6 and is tightly confined about the perimeter of the 

5 free end 22 in the vicinity of the nozzle hole 18 and has open fill regions 26 on each side for the rest of its length. 

[0036] In orderto keep the beam 14 straight as shown in Figure 7, it Is important to be able to control the stress of 
the material of the cantilevered beam 14. Stress differences between the layers 34, 36 of the cantilevered beam 14 
will cause bending of the cantilevered beam 14. It Is Important therefore to be able to control the stress of each layer 
34, 36. Preferably, the top actuator layer 34 Is formed mainly of silicon oxide, which can be deposited with close to 

10 zero stress, with a second material such as sllteoh nliide on top of It which can bie depositidd with a tensile stress to 
counter any tensile stress of the second layer 36. To maximize the beanfi efficiency, however, It Is irriportant to minimize 
the amount of silicon nitride needed. Therefore, it is Important to minimize the tensile stress of the Intemietaliic titanium 
aluminide film, 

[0037] Deposition of the intermetallic titanium aluminide film was earned out using either RF or pulsed DC magnetron 
IS sputtering Iri argon gas.The TIAig sputter target was certified to 99.95% purity and greater than 99.8% dense. Optimum 
film properties were ot}talned by varying the deposition parameters of pressure: and substrate bias. For thei case of 
pulsed DC magnetron sputtering the pulsing duty cycle was also varied. After deposition the film was annealed at 
300**C-350*C for longer than one hour in a nitrogen atmosphere for a period long enough so that no further change in 
Intrinsic stress was observed for the film. The annealed film shows a predominantiy disordored face centered cubic 
20 (tec) structure as detemilned by x-ray diffraction. The composition of the intermetallic titanium alunriinide has a titanium 
to aluminum mole fraction In the range of 65-86% aluminum as determinedby Rutherford Backscattering Speetrbmetfy 
(RBS) dependent upon the selected sputtering conditions. This produces a film of superior properties than any presently 
taught for ttiat of thermal actuation as described herein. This intemnetallic material includes titanium and aluminum in 
a combination that can be characterized by the following relationship: 

25 . ' 



Where 0;e^x^ 1.4. 

30 [0038] When this predominantly fee film is heated above 450*'C the crystal stmcture changes from the disordered 
fee to a predominantly tetragonal TigA^i structure. This change In structure is accompanied by a large Increase in 
crystallite size and reduced tensile strength that can result in film cracks. 

[0039] Figure 8 displays the experimental result of nneasun3d stress after deposition and the resulting stress after 
anneal By controlling the deposition parameters the final stress of the film can be reduced to zero. Note Uiat this 
35 displayed data was for deposition conditions of 5mT pressure. We find also that as the deposition pressure is lowered 
below 6mT an:iricli«ase of the compressive stress is observed in the deposited film similar to increasing the bias. In 
addition, for dC magnetron sputtering, we find that varying the pulse duty cycle can also be used to adjust the stress. 
Thereforethe final stress can be tailored through a proper selection of both sut>strate bias, deposition pressure and 

pulsing dtirty;;i^ ■ ■ . 

40 [0040] It Is klso inlportarit that the material is themially stable to repeated acliiationv showing no plastic deformation 
or stress relaxation. Figure 9 displays stress versus terhperature data from a deposited and annealed intemnetallic 
. titanium aluminide film measured on a six Inch silicon wafer. The curs^e shows no hysteresis. The same. measurement 
on a pure aluminum film, shown in Figure 1 0, shows large hysteresis and a nonlinear curve. On fabricated cantilevered 
bearns 1 4 (Including the InterTnetallic titanium aluminide film as described herein) tens of millions of test actuation have 

45 been perfonVied with ho measured change In cantilever profile or actuation eff^^^ 

[0041] It has also been found that addition of oxygen or nitrogen to the sputter gas to forni TiAI(N) or TiAl(O) com- 
pounds is disadvantageous to the present invention. For example Figure 11 compares the stress versus temperature 
curves for intermetallic titanium aluminide with 7% oxygen incorporated, and no oxygen incorporated, deposited on a 
silicon wafer. Measuring the wafer curvature, the stress of the film is derived using Stone/s equation as Is well known 

50 In the art: The slope of the curve is proportional to the Young's modulus of the material and the thennal coefficient of 
expansion. A lower slope therefore indicates a less efficient actuator material. The addition of oxygen degrades the 
efficiency of this actuator material. 

[0042] The intermetallic titanium aluminide material used for layer 36 demonstrates significant advantages over ma- 
terials used in prior art thennal actuator devtees. Such material has a high thennal coeffteient of expansion which is 
55 proportional to the amount of deflection that the cantilevered beam 14 can achieve for a given temperature rise. It ts 
also proportional to the amount of force the cantilevered beam 14 can apply for a given temperature rise. In addition, 
the intermetallic titanium aluminide material has a high Young's modulus. A higher Young's modulus means the same 
force can be applied with a thinner cantilevered beam 1 4 thus Increasing the defieetion capability of the cantilevered 
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beam 1 4. Intermetallic titanium aluminide also has a low density and a low specific heat. Lower energy input is required 
to heat the material to a given temperature. These properties allow for fabrication of small scale thermal actuator 
cantllevered beams 14 that can achieve fast response time, consistent with use as an Ink drop ejector for printing. By 
way of example, cantilevered beams 14 of the present Invention having dimensions of 20pm wide x lOOjun long and 
with a thickness of 2.8nni have been successfully produced and tested in an ink jet printing operation. 
[0043] The intermetallic titanium aluminide materia! used for layer 36 shows no plastic relaxation or hysteresis upon 
repeated heating to 300*C. The cantllevered beam 14 can be cycled millions of times without any change of properties. 
[0044] Those skilled in the art should recognize that thermal actuators using the IntennetalliG titanium aluminide 
material for layer 36 material can be Incorporated onto CMOS wafers allowing integrated control drcultry. Furtheti the 
titanium aluminide material can b^ deposited with the standard sputteiing s^ wafer fabricajtion. 

In addition , the titahiunn aluminide material can be etched and patterned with the standard chlorine-based etdh systems 
used In CMOS wafer fabrication; The temperatures at which the man^ aluminide material is deposited are below 
350*C. This allows easy integration of the themial actuator device ofthefjresent Invention intothebackend of a CMOS 
fabrication process. 

[0045] Intemrietalllc titanium aluminide has a resistivity of 1 60jiohm-Gm which is a reasonable resistivity for a heater 
By comparison, pure metals have a much lower resistivity. The Intemietaillc titanium aluminide material can theref 6 re 
be used as both the heater and bending eiement in the themrial actu 

£0046] Intemnetallte titanium aluminide has a very low TeR(thenTralcoefftelent of resistance) of <1 Oppm vyhfch means 
as the actuator heate up its resistance stays the same. Practically, this means that for an applied voltage pulse to heat 
the material the current stays tiie same, thereby allowing a completely linear response. 

[004^ The themial actuator of the present invention can also be applied to other mlcroelectro mechanical systems 
(MEMS). For example, a thennally actuated microvalve could be constructed to control the flow of fluids. The motion 
provided by the thennal actuator of the present invention could be used for micropostloning or switching applications. 
Other forms of thermal actuators could also be constructed in accordance with the principles of the preferred embod- 
iment. A buckling actuator could be constructed out of intemietallte titanium aluminide. 



Clalme 

1. A themi^l acrtuatorforja micTOr^el^ 

(a) a base element; 

(b) a cantllevered element extending from the base elenrient and residing In a first position, the: cantlievered 
element including ia first layer constructed of a dieiectric rhaterial.having a low themial coefflGlent of expansion 
and a second layer ateched to the titanium aluminide; and 

(c) a pair of electrodes connected to the second layer to allow an elec?trfcal cun-ent to be passed through the 
second layer to thereby cause the temperature of the second layer to rise, the cantilevered element deflecting 
to a second position as a result of the temperature rise of the second layer and returning to the first position 
when the electrical current through the second layer is ceased and the temperature thereof decreases, 

2. A thennal actuator Inkjet device comprising: 

(a) an ink chamber formed In a substrate; ' ' 

(b) a cantllevered element extending from a wall of the Ink chahiber and nomially residing In a first position, 
the cantilevered elenrient includinsj a first layer constructed of a dielectric material having a low thennal coef- 
ficient of expansion and a second layer attached to the first layer, the second layer comprising intermetallic 
titanium aluminide, the cantilevered element having a free end residing proximate to an ink ejection port in the 
ink chamber; and 

(c) a pair of electrodes connected to the second layer to allow an electrical cun^ent to be passed through the 
siecond layer to thereby cause the temperature of the second, layer to rise, the cantllevered element deflecting 
to a second position as a result of the temperature rise of ttie second layer and returning to the first position 
when the electrical cunent through the secondiayer Is ceased and the temperature thereof decreases, the 
movement of the cantilevered element causing ink in the InKchamberto be ejected through the Ink ejection port. 

3. A thennal actuator inkjet device as recited in claim 2 wherein: 

the ink chamber includes a pumping section, the free end of the cantllevered element residing in thepumping 
sect-ton. 
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4. A thermal actuator inkjet device as recited in claim 3 further comprising: 

(a) at least one open region adjacent the cantilevered element; and 

(b) an ink delivery channel in the substrate allowing ink to be delivered through the at least one open region 
and into the ink chamber. 

5. A thermal actuator as recited in claim 1 wherein: 

the second layer can be characterized by the relationship 

AUxTix. 

where 0.6^x^1.4. 

6. A themial actuator Inkjet device as recited In claim 2 wherein; 

the second layer^ can be characterized by the rielatlonship 

AI^^^TI^. 



where 0.6 s X 5 1 .4. 
25 7. A themial actuator as recited in claim 1 wh^jri: 

the second layer has an eff fciency (e) greater than 1. the efficiency (e) being defined by the equation 



e,= Ya/Cpp 

where Y is Young's modulus, p is density, a is thethermal coefficient of expansion, and Cp is the specific heat. 

8. A thermal actuator Inkjet device as recited 4ri claim 2 wherein: 
the second layer has an efficiency (e) greater than 1 . the efficiency (e) being; defined by the equation 

e.= Ya/Cpp 

where Y is Young's modulus, p is density, a is the themnal coefficient of expansion; and Cp is the specific heat. 

9. A thermal actuator as recited in claim 7 wherein: 

45 the second layer has an efficiency (e) greater than 1 . 

10. A thermal actuator as recited in cl^im 7 wherein: 

the second layer has an efficiency (e) greater than 1.1. 

so 
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FIG. 3 
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FIG. 6 
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